Small scale micro gas-turbine based hybrid solar power plants are a promising technology for supplying multiple energy services in a controllable and sustainable manner using polygeneration technologies. Compared to a conventional diesel generator based system where electricity is used as the main energy carrier, these systems show great potential to reduce costs and carbon dioxide emissions. Depending on the design, carbon dioxide emissions are reduced by around 9% and equivalent annual costs are reduced by 21% -26%, as compared to a base polygeneration configuration where cooling services are provided centrally by an absorption chiller without integrating a solar micro gas-turbine. Compared to the system where electricity is used as the main energy carrier a reduction of equivalent annual costs of up to 20% and a reduction of carbon dioxide emissions of up to 33.5% was achieved.
Introduction
The worldwide growth in demand for electrical energy has shown no signs of slowing, as a result of the increasing global population and rising levels of consumption in the developing world. A significant proportion of these new consumers are located in rural areas, which often lack access to a conventional electricity network. Due to the high costs of building new transmission and distribution lines, off-grid generation of electricity is an increasingly important option for rural electrification. Currently, the vast majority of off-grid generation involves the use of diesel generators, which are associated with high operating costs as well as difficulties in ensuring the supply of fuel in areas with poor infrastructure.
In regions with high solar energy resources, solar power offers an attractive means to reduce dependence on imported fuel while meeting energy demands in a sustainable and environmentally friendly manner. Two main technologies are currently available for off-grid production of solar power, namely photovoltaic panels and dish-Stirling units. Although promising, the two technologies have their associated drawbacks [1] and hybrid solar micro gas-turbines (MGTs) would appear to present a number of advantages over both systems. Hybrid operation, in which solar energy is complemented with a back-up fuel (such as locally derived biodiesel), allows solar MGTs to supply controllable power on demand to households, without the need for investment in expensive batteries.
Furthermore, the energy demands of households in rural areas are not limited to electricity consumption, heating and cooling services are also required to ensure acceptable levels of comfort within the buildings. A polygeneration approach, in which multiple energy services are provided by harnessing waste heat from electricity generation, potentially offers a means to reduce both costs and emissions relative to a more conventional approach in which electricity is used as the main energy carrier. The relatively high exhaust temperature of solar MGTs makes them ideally suited for this application, thereby providing a further advantage over photovoltaic panels and dish-Stirling units.
In existing polygeneration installations, solar energy is typically harnessed simply as a heat input using solar thermal collectors and its potential contribution to electricity production is overlooked. Diesel or gas-engines therefore remain the main prime mover. These systems have been studied in detail by Napolitano [2] . Studies of solar-assisted MGT based polygeneration systems have been performed by Buck [3] based around a 100 kW el TURBEC MGT. While a detailed economic analysis of the system was performed, only a single configuration was considered, and the time-variant demands of the users were not taken into account.
Previous work by the authors has examined optimal hybrid solar MGT configurations for electricity production [1] with special focus placed on the importance of the solar receiver subsystem and the design of suitable receiver units [4] . This paper will draw upon the results of these studies and extend the analysis to examine the optimal design and sizing of hybrid solar polygeneration systems, taking into account realistic demand curves for the different energy services. Special focused will be placed on the influence of the sizing of the solar MGT on the total fuel consumption, as well as on the overall economics of the system.
Objectives
The aim of this work is to derive suggestions for the optimal design and sizing of a solar-assisted MGT based polygeneration system, able to meet the electricity, hot water and cooling demand of a small remote village. Starting from a system where electricity from a diesel generator is used as the main energy carrier, a number of improved configurations are studied. Firstly, the economic and environmental benefits of transitioning to a system in which cooling services are provided centrally by an absorption chiller are investigated. Following this, a solar-assisted MGT is integrated into the system and used to gradually replace the conventional diesel generator. The main focus of this work is placed on analyzing the influence of the sizing and degree of solar integration of this solar MGT on the performance of the polygeneration system. Due to the varying nature of the solar flux, and its strong influence on the system behavior, the performance of the system must be analyzed on an annual basis in order to ensure that a representative evaluation is obtained.
The analysis has been performed with the goal of satisfying the demand at the most competitive cost possible while emitting a minimum of carbon dioxide (CO 2 ). Given two designs with similar electricity costs, preference should be given to the more environmentally benign option. As is true for most cases of energy system analysis, these two conflicting objectives need to be carefully balanced in order to choose an appropriate design that reflects the needs of society.
System Specifications
Kibbutz Samar in Israel was chosen as a representative location for the analysis as it has already been deemed suitable for the deployment of a solar thermal power plant, more specifically the first commercially available hybrid solar MGT power plant from AORA Solar [6] .Three different energy demands were considered, namely electricity, hot water and cooling. A typical small remote village, such as the Kibbutz Samar, has approximately 25 to 50 households and an average of 3.36 persons per household [7] . The World Bank gives the annual electricity consumption as 6610 kWh/capita [8] , resulting in a peak electricity demand in the order of 100 kW el . The daily variation of the demand was taken from Welsch [9] , giving the electricity demand profile shown in Fig. 1 . The hot water demand was identified to be 4.39 kW assuming constant production with a domestic hot water demand of 20 l/occupant/day [10] . The total residential cooling load was determined as the sum of loads from ventilation, solar irradiation and heat from occupation, as presented for a typically day in Fig. 2 (dashed black line). The cooling demand due to ventilation is based on a minimum required ventilation of 0.5 h -1 (DIN standard) and the assumption that this load only occurs when the ambient temperature is higher than the target room temperature of 20°C. The same assumption was chosen for the cooling demand due to irradiation. For the absorption of solar radiation, standard heat transfer properties for residential buildings were taken from the Swiss Society of Engineers and Architects. The cooling demand due to occupation is based on the assumption of full occupation during nighttime between 8 pm and 7 am, and half occupation for the rest of the day, with an individual heat gain of 70W per occupant also taken from the Swiss Society of Engineers and Architects.
As both the cooling load and the operation of the solar MGT are dependent on the solar irradiation, meteorological conditions onsite will have a strong impact on the performance of the system. With an annual direct normal insolation of around 2400 kWh/m² the Kibbutz Samar is well suited for solar thermal power production. Furthermore, the performance of the MGT is highly influenced by the ambient temperature.
Technology Options
A multitude of system configurations can be imagined to meet the electricity, hot water and cooling demands. In this study three main system configurations have been considered: firstly, a configuration where electricity from a diesel generator is used as the main energy carrier, secondly, a configuration utilizing centralized absorption cooling technology and finally the solar case where a solar hybrid MGT is added to the centralized absorption case to gradually replace the diesel generator.
Electric configuration
The electric case represents the system of lowest complexity. A conventional diesel generator produces electricity for both electrification as well as operation of individual air-conditioning (AC) units to meet the cooling demands in each house. Hot water is produced by a standard diesel-fired hot water heater and is distributed to the users through hot water pipes in a district energy network.
Base configuration
The reference configuration for this work consists of a more advanced system employing a diesel generator and a centralized absorption chiller to separately meet the electricity and cooling demands. These units are shown as black components in Fig. 3 ; dashed lines indicate thermal energy (red for heat and blue for cold) and solid lines electricity. Dashed fuel lines ( ) denote fuel used to generate thermal energy whereas solid lines denote fuel used to generate electricity. The diesel-fired absorption chiller produces cold water that is distributed through a district energy network to drive individual heat exchangers for air conditioning in each house. This improves fuel utilization, compared to the use of electricity generation to drive AC-units. In this configuration, hot water and electricity are produced and distributed as in the electric case. 
Solar-assisted micro gas-turbine configuration
The solar case can be seen as an extension of the base configuration, with the addition of a hybrid solar MGT, whose flue gasses are redirected to the hot water heater and absorption chiller, as illustrated in Fig.  3 by the black and grey components. Depending on the sizing of the MGT, the diesel generator can be completely replaced by the MGT or both components can work in parallel.
The Sun's energy ( ) is collected by the solar field and used to provide solar energy input to the MGT power conversion cycle ( ). Outputs from the MGT consist of electricity as well as thermal energy in the form of hot flue gases. These gases are subsequently used to power the flue gas hot water heater and drive the absorption chiller. When insufficient thermal energy is available in the MGT exhaust, additional diesel fuel is used to co-fire the hot water heater and the absorption chiller and therbey guarantee production.
Thermoeconomic Model
In order to design the hybrid solar MGT polygeneration system and evaluate its performance, a thermoeconomic model, which combines thermodynamic performance calculations with cost predictions, has been developed. This model offers the possibility to evaluate both the economic and environmental aspects of different system configurations. A flow sheet of the thermoeconomic model is shown in Fig. 4 . The first segment of the model calculates the nominal design of the system and the size of the different components, based on the maximum electricity, hot water and cooling demands, as well as a given set of design variables. The equipment sizes and nominal point data are then sent to the transient calculation which determines the off-design performance of the system; in order to account for the high variability of the solar resource, annual simulation is essential to obtain a representative evaluation. The nominal power plant design is also used to calculate the capital cost of the power plant equipment. These cost figures can then be combined with the annual performance data (mainly the annual fuel consumption) and additional economic data to calculate the total investment and operating costs. At the end of the thermoeconomic analysis a series of relevant performance indicators, such as equivalent annual costs and carbon dioxide emissions can be calculated.
Design variables
Two key design variables were identified concerning the sizing of the MGT and the degree of solar integration into the polygeneration system, namely the design power factor and the solar multiple.
The design power factor of the MGT f MGT is defined as the ratio of the nominal electrical design power of the MGT to the maximum electricity demand. A design power factor of less than 100% means that the MGT is not able to meet the electricity demand at all times and thus a diesel generator needs to remain in the system in order to meet the residual demand. An oversized MGT (design power factor > 100 %) results in oversized solar collector equipment, leading to an increased degree of solar integration.
Furthermore, by increasing the size of the heliostat field, and thus the time during which the solar receiver operates at nominal conditions, the annual fraction of the heat input derived from solar energy can also be increased. A commonly used value to describe the sizing of the heliostat field is the solar multiple SM, defined as the ratio of the maximum thermal power delivered by the solar field to the nominal power required by the receiver. Larger values of the solar multiple will decrease fuel consumption in the MGT, albeit at the expense of a more costly heliostat field.
Performance model
The nominal operating points of all system components are determined using steady-state thermodynamic models. For the diesel generator, a linear approximation of the fuel consumption and the electrical efficiency as a function of the load and equipment size has been determined based on commercially available Caterpillar units in the power range of 7.8 to 90 kW el [11] . The models of the solar equipment and the MGT are taken from previous work by the authors [4] . Models of the remaining power conversion equipment are based on standard heat and mass balance equations. All the steady-state models have been elaborated using MATLAB-based routines coupled with the thermodynamic properties database REFPROP. Ambient conditions for the nominal design are taken from the ISO-standard [12] .
Once the design of the system is fixed, transient simulation can be performed. In order to obtain representative results, all transient simulations have been performed on an hourly basis over a full year. The yearly off-design performance of all components has been evaluated using MATLAB-based routines, with the exception of the hybrid solar MGT whose performance was evaluated using TRNSYS. Meteorological data was taken from the Meteonorm dataset for Kibbutz Samar, Israel.
Cost functions
Equipment size data from the nominal design can be used to calculate the capital cost of the power plant equipment. The total investment cost C inv for all three power plant configurations is then calculated as the sum of all the equipment costs C eqp , the cost of equipment installation C inst , as well as civil engineering C civil and contingencies C cont .
Equipment costs are composed of the costs of the polygeneration equipment, the district energy network and the heating and cooling equipment at the house level, as shown in Fig. 3 . Values for the MGT components were taken from Pelster [13] and Malmquist [14] ; the original cost functions from Pelster were adapted for use with MGT units using up-to-date production cost information for the 3 kW el MGT from COMPOWER AB. Cost figures for the solar field and the receiver are from Kistler [15] and Schwarzbözl [16] , respectively. Based on these sources, a cost of 130 €/m² was used for the heliostats. Equipment costs for the diesel generator are based on commercially available Caterpillar units [11] . Costs for the hot water heater were taken form Boehm [17] . Costs for the absorption chiller are based on commercially available products [18] . Equipment costs for the heat exchangers and conventional AC units at the house level were taken from FIWIHEX [19] and Mitsubishi Electric [20] , respectively. The costs for the district energy distribution network were estimated based on figures from Nordman [21] . Costs for civil engineering and equipment installation are based on Pelster [13] and contingency costs were estimated according to IEA recommendations [22] .
Thermoeconomic performance indicators
In order to evaluate the different designs, the cost and performance figures can be combined to calculate thermoeconomic performance indicators. For this work two performance indicators have been chosen, the equivalent annual cost (EACs) (in €/yr) and the total CO 2 emissions F CO2 (in tons CO2 /yr). The EAC gives an economic assessment of the cost of meeting the required demand, accounting for the total costs over the lifetime of the installation. The EAC can be calculated using Equation 1 based on the total investment cost C inv , the decommissioning cost C dec , the annual maintenance cost C O&M and the annual fuel cost C fuel .
The capital return factor α is calculated based on the real debt interest rate i (7%), the plant lifetime n (15 years) and the annual capital insurance rate k ins (1%). For the decommissioning costs, the discount factor β is used. Finally, a cost of 600 €/t was assumed for the diesel fuel [23] . A more detailed description of the economic factors is presented in previous work of the authors [1] .
The annual CO 2 emissions are an important environmental performance indicator and can be calculated based on the mass of fuel burnt annually M f and its carbon content c C , assumed to be 85% for diesel [24] . In addition to these main thermoeconomic performance indicators, the solar share f sol is used to measure the degree of solar utilization in the polygeneration system, and allows determination of the fraction of the demand that is met using solar energy. It can be calculated as the ratio of solar heat input Q sol to the total heat input Q tot to the cycle. Due to the variable nature of the solar flux, an annualized value gives the most representative measure of the degree of solar integration.
Results and Discussion
Having elaborated a thermoeconomic model of the different configurations, it is now possible to evaluate the influence of the sizing of the solar-assisted MGT on system performance, measured in terms of both the EAC and the annual CO 2 emissions. Concerning the EAC, it can be seen on the left of Fig. 5 that two distinct local optima are present; one for an undersized MGT with a f MGT of 20% and one for a slightly oversized MGT with a f MGT of 115%. Concerning CO 2 emissions, similar behavior can be observed on the right of Fig. 5 , with an initial decrease in emissions for f MGT values up to around 20%, at SMs between 1 and 2. Above this value, emissions begin to rise again, until a f MGT of between 50% and 70% is reached, above which emissions decrease monotonically until reaching an f MGT of 125%. The lowest values of CO 2 emissions are expected to occur with greatly oversized solar fields (SM > 2), as a maximum amount of solar heat could be harnessed by the system. However, this region of the MGT design range was not investigated as the rapidly increasing investment costs make these designs economically unfeasible. Fig. 6 plots the EAC versus the annual CO 2 emissions. In this graph, the red line highlights the designs with a constant SM of 0.5 and the three blue lines high designs with constant f MGT values of 17.5%, 40%, and 112.5%. Moving along a blue line away from the red line corresponds to taking a design with a fixed value of f MGT and gradually increasing the SM, from the lower limit of 0.5 towards the upper limit of 2, effectively increasing the degree of solar integration. The orange cross marks the performance of the electric configuration, which has an EAC of 156.6 k€/yr and annual CO 2 emissions of 729 t/yr. For the solar-assisted MGT configuration, the lowest CO 2 emissions where found to be 485 t/yr at a SM of 2 and a f MGT of 125% and the lowest EACs where 125.7 k€/yr for a design with a SM of 1.3and a f MGT of 115%. This represents a potential emissions reduction of 32.5% and a potential cost reduction of 19.7%. Starting from the base configuration (Pt. 1, marked BAS) with a f MGT of 0 (i.e. a configuration with no MGT or solar equipment), an increase of the f MGT up to 12.5% (Pt. 2) shows a reduction of both EAC and CO 2 emissions, regardless of the SM. This initial drop results from the fact that the solar-assisted MGT begins to produce more exhaust energy, which is then recovered by the subsequent absorption chiller and the flue gas hot water heater, thereby gradually decreasing their fuel consumption. Adapting the base configuration to recover the exhaust energy of the diesel generator is expected to result in similar reduction of EACs and CO 2 emissions.
Moving along the red line beyond Pt. 2, both costs and emissions increase with the f MGT, (up to a value of 70%) as the solar-assisted MGT results in additional equipment costs, and the increased part-load operation of the diesel generator reduces the conversion efficiency. Systems with higher degrees of solar integration (i.e. with higher SMs) can compensate for the decreased conversion efficiency by replacing fuel with solar energy, allowing CO 2 emissions to be kept nearly constant. However, the EAC increases with increased SM as the higher solar integration requires larger solar fields resulting in higher investment costs. The reduced fuel costs due to the replacement of fuel with solar energy are not sufficient to offset the increased equipment costs (at current fuel prices) when the solar-assisted MGT represents only a small fraction of the total electricity production.
A f MGT of 70% (Pt. 3) represents an inflection point and further increases in the f MGT up to a value of 112.5% (Pt. 4) result in a decrease in both costs and emissions as the solar hybrid MGT progressively meets more of the total electricity demand, and thus a greater fraction of the fuel can be replaced by solar energy. As the system is now operating at a higher solar share, the reduction in fuel consumption becomes sufficient to compensate for increased investment costs of the solar equipment at current fuel prices. On the left of Fig. 7 can be seen the evolution of the nominal solar share, which increases almost linearly for increasing f MGT , before reaching a saturation point at 115% at which point the diesel generator is completely replaced by the MGT. This transition does not occur at a f MGT of 100%, as the nominal solar share is based on the nominally sized power plant components at ISO conditions, whereas the sizing of the diesel generator is based on the annual off-design simulation of the solar-assisted MGT which is not able to fully meet the electrical demand for all times of the year until a f MGT of 115% is reached.
Returning to Fig. 6 , it can be seen that oversizing the MGT above a f MGT of 112.5% does not significantly reduce the fuel consumption, while the EAC increases due to the ever more costly solar equipment. As was shown on the left of Fig. 7 , the nominal solar share has reached its saturation point at this level of oversizing the MGT. However, the annual solar share (shown on the right of Fig. 7 ) continues to increasing moderately as the oversizing the MGT results in an oversizing of the solar field, allowing the solar-assisted MGT to operate at nominal conditions for longer periods. In general, the annual solar share increases monotonically with both f MGT and SM.
Conclusion
A number of different polygeneration system configurations to meet the electricity, hot water and cooling demand of a small remote village have been analyzed. The first stage of the analysis consisted of a thermoeconomic study, which clearly showed that transitioning from a system where electricity is used as the main energy carrier to a system in which cooling services are provided centrally by an absorption chiller significantly reduces both costs and CO 2 emissions. EACs are reduced by 11.8% from 156.6 k€/yr to 138.2 k€ whereas the annual CO 2 emissions are reduced by 10.7% from 729 t/yr to 651.3 t/yr. Following this, system configurations where a solar-assisted MGT is integrated and used to progressively replace the conventional diesel generator were investigated. The main focus was placed on analyzing the influence of the sizing and degree of solar integration of this solar MGT on the performance of the polygeneration system. It was shown that both parameters strongly affect the EAC and annual CO 2 emissions. System configurations with a slight oversizing of the solar MGT (between 10% -25%) and a high degree of solar integration (with solar multiples between 1.3 and 2) were shown to result in the lowest EAC and CO 2 emissions. Depending on the design, the CO 2 emissions are reduced by 21% to 25.5% and EACs are reduced by 6% to 9%, as compared to the base polygeneration configuration without a solar MGT. Compared to the system where electricity is used as the main energy carrier a reduction of CO 2 emissions of up to 33.5% and a reduction of the EAC of up to 20% was achieved.
With simultaneous reductions in both costs and emissions, polygeneration systems based around solarassisted MGTs would appear to be a promising option to meet future off-grid energy demands in a clean, sustainable and cost-effective manner.
